INTRODUCTION
Phosphoglucomutase (E.C. 5.4.2.2) is a widely distributed and evolutionarily conserved enzyme, found in organisms ranging from E. coli to humans. It catalyzes the interconversion of glucose 1-phosphate (G1P) and glucose 6-phosphate (G6P), making it the key enzyme linking the glycolysis and gluconeogenesis pathways. When acting in the synthesis of G1P, the resulting product is changed into UDP-glucose, an important precursor for many biosynthetic pathways. In bacteria, phosphoglucomutase (PGM) is known to play roles in biosynthesis of multiple exoproducts, including lipopolysaccharide 1,2 and lipotechoic acid. 3,4 A number of studies using bacterial strains with deletions of PGM have shown that this enzyme affects microbial fitness, cell wall properties, and antibiotic resistance of various human pathogens, including Staphylococcus aureus, Salmonella typhimurium, and Yersinia pestis. 1,5-7 For at least two pathogens, Brucella abortus and Streptococcus iniae, pgm-strains are of interest as live vaccine candidates due to diminished virulence. 8, 9 As a member of the large a-D-phosphohexomutase enzyme superfamily, PGM is known to catalyze the reversible formation of 1-and 6-phosphosugars via a bisphosphorylated intermediate. 10 Detailed kinetic studies of a eukaryotic PGM from Oryctolagus cuniculas (rabbit) were carried out over many years by William Ray et al. (see Refs. 11-13 and references therein). These studies showed that catalysis proceeds through consecutive phosphoryl transfers, first from a phosphoserine Additional Supporting Information may be found in the online version of this article. Abbreviations: Bis-Tris, 2[bis(2-hydroxyethyl (imino)-2-(hydroxymethyl)]-1,3 propanediol; DTT, dithiothreitol; EDTA, ethylenediaminetetraacetic acid; IPTG, isopropyl b-D-1-thiogalactopyranoside; LB, Luria-Bertani medium; MOPS, 3-(N-morpholino)propanesulfonic acid; NADH, nicotinamide adenine dinucleotide (reduced form); NAD 1 residue of the protein to the substrate, and next from the intermediate back to the protein (see Fig. 1 ). The reaction is highly reversible, and a single Mg 21 ion is required for catalytic activity. At least in the case of rabbit PGM, which is best characterized kinetically, the enzyme shows a 6000-fold preference for glucose-based phosphosugars relative to their mannose counterparts. 14 This defines the PGM subgroup of the enzyme superfamily, other members of which have varying sugar specificity. 10 The crystal structures of several PGM enzymes have been previously determined. Several crystal forms of rabbit PGM have been deposited in the Protein Data Bank (PDB) (1JDY, 1VKL, 1C4G, 1C47, 1LXT, 3PMG), with the best diffracting data set (3PMG) at a nominal resolution of 2.4 Å . 15-17 Two structures of a related eukaryotic protein from Paramecium tetraurelius known as parafusin (1KFI, 1KFQ) were also determined to 2.4 Å . 18 The coordinates for two bacterial PGMs from S. typhimurium (2FUV) and Thermus thermophilus (2Z0F) at resolutions of 2.0 and 2.5 Å have been deposited in the PDB, but never described in a publication. Several other PGM proteins have been biochemically characterized to various extents, including enzymes from Acetobacter xylinum, 19-21 Clostridium thermocellum, 22 Aedes aegypti, 23 yeast, 24 wheat, 25 and maize. 26 Overall, however, detailed structure-function studies of PGM enzymes are limited, especially for the bacterial proteins.
We present here the 1.7 Å crystal structure of S. typhimurium PGM (StPGM). This is the first report of structural and biochemical characterization of a bacterial PGM, and the highest resolution crystal structure of any PGM enzyme. Our studies of StPGM are discussed in the context of the large a-D-phosphohexomutase superfamily, providing new insights into key active site residues, conformational change, and the oligomeric state of these enzymes.
MATERIALS AND METHODS

Protein expression and purification
The expression vector for PGM from Salmonella enterica serovar Typhimurium, strain LT2 was obtained from the Structural genomics Lab, Midwest Center for Structural Genomics. 27 In this construct, the PGM gene is cloned into pMCSG7 TEV/LIC vector and expresses a protein with molecular weight of 60.827 kD, including an N-terminal histidine tag with sequence of MHHH HHHSSGVDLGTENLYFQSNA. This construct was used to transform E. coli BL21(DE3)cells, which were grown on LB/ampicillin plates overnight at 378C. A single colony was added to one liter of LB supplemented with ampicillin (final concentration 100 lg/mL) at 378C, and the culture grown to an optical density of 0.6-0.8 at 600 nm. Protein expression was induced by adding IPTG to a final concentration of 0.4 mM. Cells were grown overnight at 198C, harvested by centrifugation, and the cell pellet stored at 2808C until further use.
For purification, cells were resuspended in 20 mM sodium phosphate buffer, pH 7.4, 0.5M NaCl, and 14.3 mM b-mercaptoethanol (Buffer A) plus 0.5 mM each of PMSF and TLCK and 2 mM each of CaCl 2 and MgCl 2 , and lysed with a French press. Insoluble debris was removed by centrifugation and the protein was purified using His-Select Ni-Affinity gel (Sigma) by loading the sample in Buffer A and eluting with Buffer A plus 25 mM imidazole. The purified protein was dialyzed sequentially against: (1) 50 mM MOPS, pH 7.4; (2) 50 mM MOPS, pH 7.4 with 1 mM EDTA (to chelate metal ions); and (3) 50 mM MOPS, pH 7.3, 1 mM MgCl 2 and 1 mM DTT. The protein was concentrated to $20 mg/mL, flashfrozen in liquid nitrogen, and stored at 2808C. Protein concentration was determined using Bio-Rad Protein Assay reagent (Bio-Rad). Prior to crystallization, the protein was thawed, 0.22 lm filtered, and concentrated or diluted as desired. To encourage phosphorylation of the active site serine, 1 mM glucose-1,6-bisphosphate was routinely added to the protein prior to setting up crystal trays.
Crystallization
Initial crystallization screens were set up with Crystal Screen kits 1 and 2 (Hampton Research) and Wizard screen kits 1 and 2 (Emerald BioSystems Inc.) at a protein concentration of 22 mg/mL using the hanging drop vapor diffusion method. Drops contained 2 lL protein solution and 2 lL crystallization buffer, and were sealed over a 1 mL reservoir. The conditions described in the PDB entry of 2FUV were also used (0.1M Bis-Tris, pH 6.5, 0.2M MgCl 2 , and 25% PEG 3350) at protein concentrations of Figure 1 A schematic of the catalytic reaction of StPGM, showing the conversion of G6P to G1P. The bisphosphorylated intermediate undergoes a 1808 reorientation in between the two phosphoryl transfer steps of the reaction (gray line indicates axis of rotation). The reaction is highly reversible, thus both G1P and G6P can be considered either as substrates or products. 10, 15, 20, 27 , and 35 mg/mL. The protein crystallized successfully at 277 K and 27 mg/mL protein from the buffer conditions described for 2FUV. Crystals grew from heavy precipitate; de novo growth time was $3 weeks. No new crystal forms were observed from other conditions in the crystallization screens. To increase crystal size, macroseeding techniques were routinely used: medium-sized de novo crystals were transferred into a fresh crystallization drops. For seeding, both the PEG 3350 and protein concentrations in the drop were decreased to 15% (w/v) and 22 mg/mL, respectively. MgCl 2 concentration was varied between 0.1M and 0.3M. Crystals obtained by seeding grew to larger size within 2 to 3 weeks.
Both soaking and cocrystallization were used in attempts to obtain enzyme-ligand complexes. For soaking experiments, crystals were typically first transferred to a small drop containing the reservoir solution, and the MgCl 2 concentration was slowly decreased from 200 to 25 mM. (The ionic strength of the solution was reduced to prevent possible interference with ligand binding). The PEG 3350 concentration was then slowly increased from 15 to 35% to serve as a cryoprotectant. Immediately prior to diffraction screening, the crystals were dipped in a solution containing 0.1M Bis-Tris, pH 6.5, 25 mM MgCl 2 , 40% PEG3350, and 10-100 mM ligand (G1P, G6P, the substrate analog xylose 1-phosphate, or glucose 1,6-bisphosphate). Although soaking produced no obvious morphological change in the crystals, data collection revealed that some soaked crystals adopted an alternative space group (see following section). For cocrystallization experiments, a concentrated solution of ligand was added directly to the crystallization drops as follows: drop composition was 2 lL protein (25 mg/mL stock) 1 2 lL reservoir solution 11 lL ligand (10-100 mM of G1P, G6P, xylose 1-phosphate, or glucose 1,6-bisphosphate) and 1 lL n-octyl-b-D glucopyranoside (0.5% stock). The detergent n-octyl-b-D-glucopyranoside was included because it was found to improve crystal morphology and diffraction. (Crystals of StPGM often grew quite large but typically exhibited a layered appearance and high mosaicity or multiple lattices). Crystallization buffer was similar to that described earlier, with the best crystals growing from 0.1M Bis-Tris, pH 6.5, 0.3 M MgCl 2 and 20% PEG 3350. For cryoprotection of these crystals, a modified protocol was used where crystals were transferred to a solution containing all components in the original drop plus increasing amounts of PEG 200, to a final concentration of 20%. All crystals were mounted in nylon loops, flash-frozen in liquid nitrogen and stored until needed for data collection.
Data collection and processing
Data sets for StPGM were collected on crystals in space groups P2 1 2 1 2 1 (form A) and P2 1 (form B). Form A crystals have unit cell parameters essentially identical to those associated with the 2FUV structure, whereas form B occurred only rarely in crystals that had been soaked with ligand. The two crystal forms were identical in appearance and could only be distinguished by collecting diffraction data and determining space group parameters. The crystal lattices are related, with packing of molecules in the ac plane of form A very similar to that in the bc plane of form B. Optimization of crystallization conditions and inclusion of n-octyl-b-D glucopyranoside eventually produced large, well-ordered crystals of form A. The best high-resolution data set (1.7 Å resolution) for this crystal form was collected from a single crystal on beamline 4.2.2 at the Advanced Light Source of Berkeley National Laboratory using a NOIR-1 CCD detector. Although this particular crystal had been grown in the presence of G1P, no evidence of ligand was found in difference Fourier maps or after refinement (see below). Dozens of crystals were screened to find a well-diffracting crystal of form B, the occurrence of which we hoped was associated with ligand binding. The best data set on this crystal form (1.95 Å resolution) was collected at the Advanced Photon Source on beamline NE-CAT 24-ID-C from a crystal that had been soaked with G1P. Diffraction data were processed using Denzo 28 or d*TREK 29 and are summarized in Table I .
Structure solution and refinement
For crystal form B, the structure was solved by molecular replacement using MOLREP 30 using the 2FUV structure as a search model. For refinement of crystal form A, the starting model was PDB entry 2FUV without water molecules or ligands. Refinement was performed with REFMAC 5.0. 31 The structures were refined to convergence through iterative cycles of refinement and manual rebuilding with Coot. 32 Progress of the refinement was monitored by following R free ; 5% of each data set was set aside for cross validation prior to refinement. Water molecules were placed automatically by COOT in peaks >3.0r in Fo 2 Fc maps and within reasonable hydrogen bonding distance of oxygen or nitrogen atoms. The B-factor model used during refinement consisted of an isotropic B-factor for each non-hydrogen atom as well as several TLS groups per chain (four for crystal form A and two for crystal form B). Additional details of the refinement are on Table I .
Each PGM monomer contains one bound Mg 21 ion in its metal binding site. The refined structure of StPGM from the form A crystals is very similar to that of 2FUV, in both overall fold and active site architecture, with a Ca rmsd of 0.67 Å 2 over 1090 residue pairs. In the form A structure, Cys285 in each monomer had significant electron density extending beyond the Sg atom and these residues were modeled as mercapto-cysteine. A molecule of Bis-Tris bound to each monomer is also included in the final model. Neither the cysteine modification nor the Bis-Tris molecules are found in the 2FUV structure. No evidence of ligand could be found in electron density maps of the form A data set described here, or for many other data sets of this crystal form. For the form B data set, the electron density maps indicated a modest conformational change of the protein (see Results) and showed a positive difference peak near the expected phosphate-binding site. This peak could not be satisfactorily fit with water molecules, but did refine well when modeled as a phosphate ion, although the B-factors remained high (Table I) at full occupancy. Two phosphate ions are included in the final model of this structure, one bound in the active site of each monomer. Electron density for the remainder of the ligand (i.e., the sugar ring) was not apparent in the active site. Structural figures were prepared with PYMOL. 33 Atomic coordinates and structure factor amplitudes have been deposited in the PDB with accession codes 3NA5 and 3OLP.
Dynamic light Scattering
Dynamic light scattering measurements were done at 258C on a Protein Solutions DynaPro 99 instrument at a wavelength of 8363 Å . The protein sample (concentration 1 mg/mL) was 0.22 lm filtered prior to data collection. At least 20 measurements were taken on a sample at 5 s intervals. The standard deviation of the hydrodynamic radius measurements was less than 25%, indicating a monodisperse sample.
Analytical ultracentrifugation
Sedimentation equilibrium experiments were conducted in a Beckman Coulter Optima XL-I instrument, equipped with an An50Ti rotor, over a period of 53 h at 208C. Prior to analysis, the protein samples were dialyzed extensively against the reference buffer-50 mM MOPS, pH 7.3, 1 mM MgCl 2 and 0.1 mM of the reductant Tris(hydroxypropyl)phosphine (THP). The sedimentation was conducted on 120 lL samples in six-sector charcoalEpon centerpieces, which permit simultaneous examination of three loading concentrations in a single cell. Initially, samples were sedimented at 6000, 9000, and 12,000 rpm. Subsequently, the experiment was repeated at rotor speeds of 14,000, 18,000, and 25,000 rpm. Loading concentrations were 5.2, 10.3, and 20.7 lM in the first experiment and 4.1, 8.3, and 16.5 lM in the second. Radial solute distributions, monitored at 280 nm, were collected at 1-h intervals, at each rotor speed, until successive data sets were indistinguishable. Typically, 10 absorbance readings were averaged at each radial position.
The radial absorbance profiles for each sample-solvent pair were compiled into a single composite dataset, which was then subjected to weighted nonlinear leastsquares analysis in Origin version 7.5 (OriginLab). The fitting was performed with a Fortran-based program, written in-house, that used a Marquardt-Levenberg minimization algorithm. The data were fitted to a single-species model and to a model describing a reversible monomerdimer equilibrium. In the latter, the total absorbance at each radial position was assumed to include contributions from the monomer (a m ) and dimer (a d ) species, as well as a solvent-reference offset to account for optical mismatch between the sample and the solvent sectors (bl):
The monomer absorbance is given by:
where r is the radial position; a m,o is the monomer absorbance at an arbitrary radial position, r o ; M is the monomer molecular weight; x is the angular velocity, equal to the rotor speed multiplied by 2p/60; v is the partial specific volume of the protein, assumed to be 0.73 cm 3 /g; q is the solvent density; R is the gas constant in cgs units; and T is the absolute temperature. The dimer contribution is given by: 
where K a is the association constant for the dimerization reaction, in reciprocal absorbance units. In this model, M and v are fixed global parameters; x, q, r o , a m,o , and bl were local parameters, distinct for each sample-solvent absorbance profile. x, q, and r o were fixed; a m,o and bl were varied to achieve the optimal fit. To model the data with the assumption of an ideal single species, K a was fixed at 10 220 M
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, and M was allowed to float. The measured association constants (K a A ) were converted to reciprocal molar units (K a M ) using the relationship:
where 1.2 is the path length of the charcoal-Epon centerpiece and e is the relevant molar extinction coefficient.
Small-Angle X-ray Scattering
Small-angle X-ray scattering (SAXS) experiments were performed at beamline 12.3.1 of the Advanced Light Source. Prior to analysis, samples of StPGM (16 mg/mL) were dialyzed against 50 mM MOPS, 1 mM MgCl 2 , and 1 mM THP, pH 7.3. Scattering intensities (I) were measured at four different protein concentrations, as a function of the scattering vector q 5 (4p sin y)/k, where 2y is the scattering angle and k is the wavelength of the incident beam. Exposure times of 0.5, 1.0, and 5.0 s were used. The scattering curves collected from the protein sample were corrected for background scattering using intensity data collected from the dialysis buffer. The radius of gyration (R g ) was estimated by Guinier analysis using the program PRIMUS. 34 The composite scattering curve used for shape reconstructions was generated with PRIMUS by scaling and merging the background-corrected high q region (0.057 < q < 0.32 Å
21
) data from the highest concentration sample (0.5 s exposure) with the low q region (0.012 < q < 0.095 Å
) data from the lowest concentration sample (0.5 s exposure). Scattering curves were subjected to indirect Fourier transform using the GNOM program 35 to yield the pair distribution function [P(r)], from which R g and the maximum particle dimension (D max ) were estimated. Shape reconstructions were performed using GASBOR 36 with a D max value of 106 Å . Ten independent structure calculations were performed, and the models were averaged and filtered using DAMAVER. 37 Theoretical scattering curves were calculated from atomic coordinates using CRY-SOL. 38 MOLEMAN 39 was used to calculate R g from atomic coordinates.
Kinetic characterization
Enzyme activity was quantitated by measuring the production of G6P, using a coupled enzymatic assay with glucose 6-phosphate dehydrogenase as described previously. 40 Reactions were conducted at 258C with 5 lg/mL of enzyme in 50 mM MOPS (pH 7.4) with 1 mM DTT, 1.5 mM MgSO 4 , 1 lM glucose 1,6-bisphosphate, and 0.9 mM NAD
1
. The substrate (G1P) concentration was varied from 10 to 250 lM. The reaction was monitored by measuring the rate of production of NADH, based on its absorbance at 340 nm. Data were fitted to the MichaelisMenten equation to determine the reaction rate (k cat , s
21
) and the Michaelis-Menten constant (K m , lM).
Multiple sequence alignments and phylogenetic analysis
Sequences for PGM enzymes used in alignments and phylogenetic studies were obtained from the Protein Information Resource or PIR (http://pir.georgetown.edu/) 41 and compiled from families PIRSF006792 (420 sequences) and PIRSF001493 (418 sequences). (The PIRSF006792 family currently has uncurated status in the PIR and its annotation is somewhat confusing, but we include it in this analysis since it contains a number of known PGM sequences). Sequences that were not $550 residues in length (i.e., fragments) were removed from the compilation. Sequences with >97% identity to others were removed automatically in Jalview and multiple related homologs from the genera Synechoccus and Prochlorus were removed manually. The resulting compilation contained 416 sequences. Multiple sequence alignments were performed with MUSCLE, 42 and displayed with Jalview. 43 A phylogenetic tree was created in Jalview where average distances were computed using percent identity.
Normal mode analysis
The low-frequency normal modes of StPGM were computed using the Elastic Network Model (elNémo) server: http://igs-server.cnrs-mrs.fr/elnemo/. 44 Chain A of StPGM (3NA5) was used for the calculation; chain A of 1KFI (parafusin) was used as a reference for the closed PGM conformation. The five lowest frequency normal modes (7 to 11) were examined at varying amplitude ranges; output from elNémo and visual inspection in COOT 32 were used to assess the relevance of the different normal modes. Coordinate sets resulting from a combination of normal modes 7 and 10 for StPGM were produced by elNémo.
RESULTS AND DISCUSSION
Tertiary structure
The structure of StPGM was originally solved by Joachimiak and coworkers via SAD phasing and deposited Crystal Structure of a Bacterial Phosphoglucomutase in the PDB in 2006 (PDB id 2FUV), but never described in a publication. To further pursue our studies of enzyme specificity in the a-D-phosphohexomutase superfamily, we requested the expression plasmid used for 2FUV, which was kindly provided by the Joachimiak laboratory. The StPGM protein was purified and crystallized in our laboratory under similar conditions and in the same space group (P2 1 2 1 2 1 , form A) as the 2FUV structure, although optimization of crystallization conditions allowed us to collect a 1.7 Å data set (Table I ). (The previously deposited 2FUV data set is at a nominal resolution of 2.0 Å with a completeness of 27% in the outer resolution shell). In addition, during efforts to produce an enzyme-ligand complex, an alternative crystal form for StPGM occurred rarely, crystallizing in a novel space group (P2 1 , form B) and diffracting to 1.95 Å . In both crystal forms, the asymmetric unit contains two monomers that are essentially identical to each other: the monomer-monomer Ca root mean square deviation (rmsd) over all residues is 0.37 and 0.43 Å , for the form A and B structures, respectively. Structural differences between these two crystal forms will be discussed in below. Unless otherwise specified, the structural descriptions in the following sections refer to the 1.7 Å structure of StPGM.
The StPGM monomer is a 546-residue protein [ Fig.  2(A) ] with four domains of roughly equal size, arranged in an overall heart-shape. Domains 1-3 share a common mixed a/b core, with a central four-stranded b-sheet flanked on either side by an a-helix. Each domain has several insertions relative to the common a/b core, especially domain 1, which has two extra b-strands and a total of nine a-helices. Domain 4, in contrast, shares no structural similarity with the other three domains, and consists of a 5-stranded antiparallel b-sheet with several peripheral a-helices. This domain is a member of the TATA-box binding protein-like fold family. 48 The active site of StPGM is located in its large central cleft, formed at the confluence of the four structural domains. This cleft has a surface area of more than 2300 Å 2 as calculated by CASTp, 49 and involves $90 residues. The active site cleft is quite hydrophilic, with more than 60% of residues being charged or polar, consistent with the nature of the phosphosugar substrates. While the overall charge of the protein is negative (pI 5 5.6), the active site is positively charged [Fig. 2(B) ].
As noted in the Introduction Section, in addition to that of S. typhimurium, crystal structures of PGMs have been determined from three different organisms, including the bacterium T. thermophilus and the eukaryotes P. tetraurelia and rabbit. All of these proteins are $550 residues in length (Supporting Information Fig. S1 ), and share the four-domain architecture described above for StPGM, and which more generally appears common to all enzymes in the a-D-phosphohexomutase superfamily. 10 A superposition of the StPGM and rabbit PGM crystal structures is shown on Figure 2C . While the core topology of each of the four domains is conserved (rmsd 2.3 Å for 425 Ca pairs), there are a number of insertions and deletions in StPGM relative to rabbit PGM. The largest of these is an extension of $20 residues at the Nterminus of StPGM. Similar differences (small to medium insertions/deletions) are seen when comparing StPGM with the PGM structures from T. thermophilus and P. tetraurelia (Supporting Information Fig. S1 ). Most of these structural differences localize to the periphery of the molecule. In contrast, the active sites of the proteins are structurally quite similar, and the catalytic residues are very highly conserved in both sequence and structure across the whole enzyme family (see following sections).
To facilitate the sequence-structure and comparative analyses of PGM enzymes herein, Supporting Information Fig. S1 shows a small alignment of 11 PGM sequences chosen because of previous structural, biochemical, or biological characterization. These include the four PGMs of known structure as well as PGM from A. xylinum, which has been biochemically characterized, 19-21 and sequences from six human pathogens where this enzyme has been shown to play a role in infectivity. 1,3-5,8,50-52 Despite their general structural similarity and similar chain length, the sequence diversity of the PGM enzymes is quite high. For example, the overall amino acid identity between StPGM and rabbit PGM is only $25%, reflecting the enormous evolutionary distance between the bacterial enzymes and their eukaryotic counterparts. Also included in the alignment is the sequence of the related enzyme phosphomannomutase/phosphoglucomutase (PMM/PGM) from Pseudomonas aeruginosa. This protein belongs to a different sub-group of the a-D-phosphohexomutase superfamily that can utilize both glucose and mannose-based phosphosugar substrates, but it shares the overall structural topology and conservation of key active site regions with StPGM. We include PMM/ PGM in the alignment because of its previous extensive structural and kinetic characterization. 39,53-62 A much larger alignment of more than 400 PGM sequences is shown in Supporting Information Fig. S2 .
Quaternary structure
The oligomeric state of StPGM was investigated in solution by several methods. Dynamic light scattering showed a hydrodynamic radius of 4.4 nm, consistent with a MW of 105.2 kD, not quite twice that of the expected monomeric molecular weight (60.8 kDa). The oligomeric state of StPGM was also examined by analytical ultracentrifugation [ Fig. 3(A) ]. An average mass of 109.6 AE 0.7 kDa was calculated by fitting data from 18 sedimentation equilibrium profiles to an ideal single-species model. This is within 10% of that expected for a dimer of StPGM, including the residues in the histidine tag. Single species and monomer-dimer models yielded statistically equivalent fits to the data. An association constant K a of 7.7 3 10 5 AE 0.2M 21 was obtained with the latter, corresponding to a dissociation constant of 1.3 lM. SAXS measurements were also performed [ Fig.  3(B) ]. The radius of gyration (R g ) estimated from Guinier analysis was 33.4 Å . A nearly identical value of 33.5 Å was obtained from calculations of the pair distribution function. The R g calculated from the coordinates of the StPGM monomer is only 20.2 Å , suggesting that the monomer is not the predominant species in solution. Indeed, the scattering curve calculated from the monomer agrees poorly with the experimental one throughout the entire q range [ Fig. 3(B) ]. On the other hand, for the dimer in the asymmetric unit [ Fig. 4(A) ], the R g of 43 Å and calculated profile agree well with the SAXS data [ Fig.  3(B) ]. Hence all three experimental methods suggest that StPGM forms a dimer in solution. To our knowledge, this is the first direct experimental demonstration of an oligomer for any PGM enzyme or member of the a-Dphosphohexomutase superfamily.
Ab initio shape reconstruction calculations were also performed. The normalized spatial discrepancy (NSD) for the set of 10 GASBOR models calculated without enforcing twofold symmetry is 1.01 AE 0.02, which indicates a reasonably high quality shape reconstruction. The volume exhibits approximate twofold symmetry and agrees well with the coordinates of the dimer [ Fig. 3(C) , top]. GAS-BOR calculations were also performed with the constraint of twofold symmetry [ Fig. 3(C) , bottom]. The NSD is 1.02 AE 0.06. The dimer also exhibits good agreement with the P2 SAXS shape. It is concluded that the dimer in the crystallographic asymmetric unit is formed in solution.
Structural features and conservation of the StPGM dimer interface
An overview of the StPGM dimer is shown in Figure  4 . The dimer has an interfacial area of $1100 Å 2 and is stabilized by 16 hydrogen bonds and 6 ion pairs. 65 Approximately 30 residues from each monomer contribute to the dimer interface ($5% of the total surface area of the protein). Residues involved in electrostatic interactions in the dimer interface are listed in Supporting Information Table 2 and are highlighted according to their position in the amino acid sequence on Supporting Information Figure S1 . A dimer nearly identical to that shown in Figure 4 (A) is seen in the T. thermophilus PGM crystal. However, that structure has $30 disordered residues that are missing from the model, some of which would be expected to be in the dimer interface based on the StPGM structure. Rabbit PGM and parafusin also crystallize with two molecules in the asymmetric unit, but neither is predicted to be a dimer by PISA (data not shown).
A large cluster of contacts in the dimer interface comes from residues in an a-helix (residues [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] near the Nterminus of the protein [ Fig. 4(B,C) , Supporting Information S1]. Near the C-terminus of this helix are two highly conserved, consecutive tyrosine residues (Y26 and Y27), one of which is involved directly in non-bonded interactions in the dimer interface. Several other residues in this helix, which we refer to as the N-terminal dimerization helix, also make hydrogen bond and van der Waals interactions with corresponding residues in the other chain. The striking sequence conservation of the two adjacent tyrosines in the N-terminal dimerization helix led us to more carefully scrutinize the structural context of these residues. In the case of Y26, the tyrosine hydroxyl participates in a hydrogen bond with the side chain of S97 within the same monomer. The side chain of Y27 makes a hydrogen bond with water, but not with other protein atoms, offering no obvious explanation for the strong sequence conservation of this residue.
Further analyses, however, suggest that the side chains of both Y26 and Y27 may participate in an alternative hydrogen bond network, mediated by C-HÁÁÁp interactions. Although not commonly described in the literature, C-HÁÁÁp hydrogen bonds have been proposed to be energetically important in protein structures. 66 Based on the criteria described in, 66 C-HÁÁÁp hydrogen bonds involving Y26 and Y27 in StPGM contribute to both Figure 3 Biophysical studies of StPGM in solution. A: Sedimentation equilibrium data collected at 6000 (red), 9000 (green), 14,000 (yellow), 12,000 (cyan), 18,000 (magenta), and 25,000 (orange) rpm. The solid lines through the data represent the best fit to a single-species model. For clarity, only a subset of the data points is displayed. B: Experimental and calculated SAXS curves. The thick solid black curve represents the experimental data. The other curves represent SAXS profiles calculated from the dimer (solid red) and monomer (green dashes). C: Shape reconstructions calculated from SAXS data. The surfaces represent the SAXS reconstructions (averaged and filtered volumes) calculated using GASBOR without symmetry constraints (top) and with two-fold symmetry (bottom). The structure of the dimer is shown superimposed onto the SAXS shapes. Superposition calculations were performed using SUPCOMB. 63 intra-and intermolecular interactions in the protein. As detailed in Figure 4(D) , likely C-HÁÁÁp interactions are found between Y27 and Y26 within each monomer, and between Y27 in chains A and B of the dimer. Another CHÁÁÁp hydrogen bond is observed between P93 and Y26 within the monomer, further extending the network. In the case of the Y27-Y27 and Y26-P93 interactions, an aliphatic Cb hydrogen acts as the donor, while the aromatic ring of the tyrosine is the p-acceptor. In the Y26-27 interaction, an aromatic Cd hydrogen on the edge one aromatic ring acts as the donor while the alternative ring acts as the p-acceptor (also called a ''face-to-edge'' interaction). Both of these C-H donor/p-acceptor arrangements are common in other proteins. 66 Thus, the proposed C-HÁÁÁp network involving Y26 and Y27 provides an explanation for the strong sequence conservation of these residues in the N-terminal dimerization helix. We note that in other bacterial PGM sequences, the conservative substitutions of Y-F or F-Y are sometimes found in place of Y-Y, supporting this notion (Supporting Information Fig. S3 ). These C-HÁÁÁp interactions may help stabilize the dimer of StPGM, in addition to the many hydrogen bond and van der Waals interactions that are also found in the interface.
Sequence alignments show that the N-terminal dimerization helix is conserved in a large number of bacterial PGM proteins. This 10-residue helix has a consensus sequence of [IxxLxxAYYx] (where capital letters indicate >45% conservation) and is directly preceded by a wellconserved N/D. Moreover, secondary structure predictions of multiple PGM sequences with the YY motif (data not shown) indicate that this region of sequence has a high helical propensity. In our small selected alignment of PGMs (Supporting Information Fig. S1 ), the YY motif is found in 4 of the 11 sequences, and we therefore predict these proteins will also be dimers. Curiously, these four proteins are all from gram-negative bacteria, while the sequences from other bacterial species (including both gram-positive and gram-negative organisms) and the eukaryotes lack this motif. To further characterize the phylogenetic distribution of the PGMs with a dimerization helix, we aligned 416 PGM sequences (see Materials and Methods), and constructed a phylogenetic tree (Supporting Information Fig. S4 ). This large tree has two major sub-groups or clades (denoted I and II on Supporting Information Fig. S4 ). Sub-group I includes a majority of gram-negative organisms, whereas sub-group II comprises mostly gram-positive organisms. We find that the YY motif is found in 75 PGM sequences (Supporting Information Fig. S3 ), all of which localize to sub-group I, and that a majority of these sequences are from gram-negative bacteria ($19 of the 75 YY-motif containing PGMs are from gram-positive organisms). These 75 PGM proteins all contain the signature N-terminal dimerization helix, and are therefore are likely to be dimers. Also within PGM sub-group I is a clade containing eukaryotic sequences, none of which contain the YY motif. Likewise, the PGM sequences in sub-group II (primarily from grampositive organisms and lower eukaryotes) all lack the YYmotif and dimerization helix. Thus it appears that the eukaryotic PGM proteins (and most from gram-positive organisms) are unlikely to be dimers. This prediction is consistent with analysis of the rabbit PGM and parafusin crystal structures by PISA.
Sequence and structural conservation of the active site
In lieu of an enzyme-ligand complex for StPGM, we have conducted a sequence-structure analysis to gain insights into the residues involved in catalysis and ligand binding. Previous studies have identified four critical regions of the active site of the a-D-phosphohexomutases, with characteristic sequence signatures for residues involved in catalysis and/or ligand binding (for review see Ref. 10 ). These are: (i) the phosphoserine residue that participates in phosphoryl transfer domain 1; (ii) the metal-binding loop in domain 2; (iii) a sugar-binding loop in domain 3; and (iv) the phosphate-binding site in domain 4 that interacts with the phosphate group of the substrate. We identify the residues of StPGM in these four regions as: (i) S146; (ii) D304, D306, and D308; (iii) the loop including E392 and S390; and (iv) the loop containing R507, S509, G510 and T511 (see also Supporting Information Table 3 ). Figure 5(A,B) shows a close-up view of these four regions in the active site of StPGM and highlights their structural similarity with the active site of rabbit PGM.
Region (i) of the active site, S146, defines the site of phosphoryl transfer, from the enzyme to the substrate, and from the intermediate back to the protein. This serine falls within a loop of highly conserved residues (Tp/ aSHNP), which form a type II' b-turn. To participate in phosphoryl transfer, S146 must be phosphorylated. Despite attempts at phosphorylation, only the dephosphoserine was observed in the StPGM crystals. To confirm the catalytic competence of the enzyme, its steady state kinetic parameters were determined (see Materials and Methods), with K m 5 39.1 AE 3.2 lM, and k cat 5 72 AE 2 s
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. Near the phosphoserine is a conserved arginine (R48 in StPGM) that may serve as a general/acid base for the phosphoryl transfer reaction. Mutation of this residue has been shown to result in an inactive enzyme in both A. xylinum PGM and P. aeruginosa PMM/PGM. 20,56
The metal-binding site, region (ii), in each monomer of StPGM contains one Mg 21 ion, which is coordinated by the three aspartates, a water molecule, and also by the side chain oxygen of the conserved active site serine (S146). The Mg 21 serves as an electron-withdrawing group to facilitate phosphoryl transfer from S146 (see Fig. 1 ). The five Mg 21 -ligand distances range from 1.98 to 2.04 Å , and are arranged in somewhat distorted trigonal pyramidal geometry [ Fig. 5(A) ].
Region (iii) is the sugar-binding loop. Two highly conserved residues, E390 and S392 in StPGM, are found in this region. In enzyme-ligand complexes of related proteins, including P. aeruginosa PMM/PGM, the corresponding residues make contacts with the O3 and O4 hydroxyl groups of the phosphosugar substrates. 55 We therefore propose that E390 and S392 will make similar contacts to the O3 and O4 hydroxyls of the G1P and G6P substrates of StPGM. The importance of the conserved glutamate in region (iii) has been confirmed by site-directed mutagenesis in both A. xylinum PGM and P. aeruginosa PMM/PGM. 20, 60 Region (iv) of the active site includes residues in domain 4 that are proposed to interact with the phosphate group of the bound substrate or product. Potential enzyme-ligand interactions by this region are strongly affected by known conformational variability of domain 4 in the enzyme superfamily. To model these contacts, we superpose StPGM with a sulfate-bound structure of parafusin (1KFI), which adopts a closed conformation representative of the ligand-bound enzyme. Based on this superposition, the residues of StPGM expected to be involved in direct phosphate contacts are R507, S509, G510, and K516, which are highly conserved in all PGM proteins (Supporting Information Table 3 ). An analysis of the form B structure of StPGM, which has a phosphate ion bound to region (iv) of the protein, supports these suggested roles (see following section).
Another important structural feature of the PGM active site was revealed in the sulfate-bound parafusin structure. 18 This is a group of highly conserved residues termed ''the latch'' that form an interface between domain 1 and domain 4 in the closed conformation of the enzyme (Supporting Information Fig. S5 .) The latch involves two threonine residues, one from domain 1 and another from domain 4. In StPGM, the corresponding highly conserved residues are T44 and T511 [ Fig. 5(A) , Supporting Information Table 3 ]. The importance of the latch is shown by a mutation of the threonine residue domain 1 in PGM of A. xylinum, which results in an Table 3 are shown in stick model and labeled. Dotted line shows the distance in Å between the Ca atoms of the two latch residues (T44 and T511) in form A of StPGM (3NA5). B: A superposition of StPGM (purple) with the closed conformer of parafusin (1KFI) in salmon. Only the phosphate-binding loop of parafusin is shown, highlighting the differences with the same loop in StPGM (see green arrow). In cyan are the bound sulfate molecules found in the 1KFI structure. In green are the side chains of rabbit PGM from regions (i-iii) of the active site. The Mg 21 ion from StPGM is in orange, from rabbit PGM is in green. Also included is the ligand glucose-1,6-bisphosphate (green carbons) from a rabbit PGM structure (1C4G). Despite the presence of the ligand, the rabbit enzyme failed to adopt the closed conformation observed in the sulfate-bound parafusin structure. Nevertheless, the phosphates of the ligand align very closely with the sulfates from the closed parafusin structure, 1KFI, supporting our predicted enzyme-ligand contacts. C: Superposition of the open (purple) and half-closed (cyan) conformers of StPGM, observed in the form A and form B crystal structures respectively. Also superimposed are 17 coordinates sets (gold) showing the conformational fluctuations predicted by a combination of two low frequency normal modes from the elNémo server. The most closed of these 17 conformations closely resembles the sulfatebound conformer of parafusin, placing the phosphate-binding loop of StPGM in appropriate position to contact bound ligand and close the interdomain latch. D: Residue patches with unusual physicochemical properties in the active sites of (top panel) StPGM (3NA5), and (bottom panel) rabbit PGM (3PMG) highlighting the overall differences between the two proteins. Residue patches (shown as spheres) were calculated by HotPatch, and are colored by rank in decreasing order: red, orange, yellow, green, cyan, and magenta. The locations, residues involved, and number of patches found differ between the two proteins. For both enzymes, the top-ranked (red) patch has a functional confidence value of 1.0, and contains at least three of the key active site residues from Supporting Information Table 3 . For StPGM, these are: V371, E390, E391, S392, Y445, R507, and Y518. For rabbit PGM, these are: T18, T356, K359, R502, and R514. Only one identical corresponding residue pair (R507 and R502) is found in this patch for the two proteins. The neural network option in HotPatch that includes a combination of properties (e.g., hydrophobicity, electrostatic potential, etc.) was used for patch identification.
enzyme with k cat /K m 5 0.04% that of wild-type. 20 The latch appears to be a critical and unique feature of the ligand bound conformer of all PGMs, creating a lid that encloses bound substrate in the active site.
Conformational variability of domain 4
To better understand the conformational change expected upon ligand binding for StPGM, we compare the protein conformers observed in the two crystal forms. In the form B structure, domain 4 is found to rotate by $108 relative to the form A structure [ Fig. 5(C) , compare purple and cyan chains]. Analysis by DYNDOM 67 localizes this change partially to amino acids 440-445, which fall in a loop near the junction of domains 3 and 4. These residues of StPGM align with a region of P. aeruginosa PMM/PGM known as the hinge, and is a site conformational change in the enzyme-ligand complexes. 60 Depending on which pairs of monomers are compared (chain A vs. A, or A vs. B, etc.), other changes in backbone angles are found at several sites in domain 3 as well. We note that these observed conformational changes occur without affecting the dimer interface of StPGM, since it involves residues exclusively in domains 1 and 2 of the protein.
Despite the rotation of domain 4 observed in form B of StPGM, no convincing electron density for the intact ligand could be found in the maps. However, a phosphate ion bound to region (iv) of the protein was included in the final model based on the refined electron density maps. (Because of the high B-factor of these phosphates, possibly indicating partial occupancy, we include only a brief discussion of its interactions.) Residues contacting this phosphate include the conserved residues R507, S509, G510, and K516 (small differences in contacts are seen between the two monomers in the crystal). These residues are consistent with those of region (iv) predicted to make ligand contacts in the preceding section. Structural superpositions with the sulfate-bound structure of parafusin (data not shown), however, show that the closure of the active site in this structure of StPGM is incomplete. Apparently, the form B structure represents a partly closed conformer of the enzyme. These multiple conformational variants of StPGM (open, closed, half-closed) complicate modeling of enzyme-ligand interactions, but are potentially quite relevant to enzyme mechanism, as conformational change of the enzyme must occur at several points during the multi-step reaction.
To model the fully closed conformer of StPGM, we turned to normal mode analysis, which has been shown to successfully predict likely conformation fluctuations in many protein systems (for review see Ref. 68 ). These calculations were done as described in Materials and Methods, using the elNémo server. 44 To assess whether a normal mode produced a conformational change relevant to ligand binding, the sulfate-bound structure of parafusin (1KFI) was used a reference for the fully closed conformation, and the distance between the Ca atoms of the latch residues of StPGM (T44-T511) was monitored. The five lowest frequency modes 7-11 from elNémo all show some conformational variability of domain 4 (or segments thereof) relative to the rest of the protein. Of these, normal mode 7 produces a hinge-like rotation of domain 4 that generally opens or closes the active site cleft. Importantly, the fluctuations of normal mode 7 correlate very well with the conformational change observed in form B of StPGM (data not shown). The fluctuations of this mode decrease the T44-T511 distance, although not to the extent seen in the parafusin structures, where it changes from 13.5 in the apo-enzyme to 5.9 Å in the sulfate-bound structure. Another low frequency normal mode 10 for StPGM, showed conformational fluctuations of a loop in domain 4 (amino acids 508-516), which includes residues from the region (iv) phosphate-binding site. By combining these two low frequency normal modes [ Fig. 5(C) ], a conformational change for StPGM was observed that reduces the T44-T511 distance from 14.2 to 6.9 Å (within 0.7 Å of the distance in the closed parafusin structure). The results of the normal mode analysis of StPGM are consistent with that seen in other protein systems, where one or two low frequency normal modes are sufficient to reproduce functionally important conformational changes. 68
Prospects for inhibitor design
Effective inhibitors for the bacterial PGMs have potential for treating microbial infections, including those of antibiotic resistant bacterial organisms. To develop inhibitors with clinical utility, it is necessary to effectively target the PGM of the pathogen, rather than the human enzyme. Such inhibitors must therefore not rely exclusively on interactions with the highly conserved catalytic residues in the active site of the enzyme, such as those in Supporting Information Table 3 . Fortunately, because of the sequence diversity between the eukaryotic and bacterial enzymes (see preceding sections), many residues within the large active site cleft are not conserved and provide opportunities for novel interactions with the bacterial enzymes and/or for excluding inhibitors from the active site of the human protein. To illustrate this point, we use the program HotPatch 69 to identify groups of amino acids with unusual physicochemical properties. This program was developed to help identify functional sites in proteins, but here we use it simply to contrast the active site environments of StPGM and rabbit PGM. As can be seen on Figure 5 (D), unusual residue patches cluster in and around the active sites of these two proteins, and even a cursory examination shows that they differ in location and ranking. It is likely that such differences in physicochemical environment could be effectively exploited in the design of specific inhibitors.
Developing inhibitors that can distinguish between related homologs is still a difficult design problem, but recent studies show some success in overcoming this challenge. 70,71 Design approaches that utilize interactions outside of the active site, such as allosteric inhibition 72 or protein packing defects, 73 may be useful for the PGM family. In particular, the interdomain crevices that surround the active site could facilitate the development of inhibitors specific to the bacterial enzymes, as these interfaces are not as highly conserved as the catalytic residues. A recent analysis of P. aeruginosa PMM/ PGM shows that the domain-domain interfaces of this enzyme provide highly favorable binding sites for small molecules. 61
CONCLUSIONS
The critical metabolic role of PGM has been recognized for decades. Consistent with this, characterizations of PGM were among the first published reports of enzymes, dating back to the 1940s. 74 Subsequently, rabbit PGM was the subject of a multi-decade investigation by the laboratory of William Ray, whose highly detailed and technical studies remain the epitome of work on this enzyme's mechanism. However, the emerging role of PGM in bacterial pathogenesis has spurred new interest in this enzyme, with proteins from a number of bacterial species being characterized for the first time. These studies have shown that PGM plays a variety of roles in bacterial fitness and infectivity in a wide range of bacterial species, including human and animal pathogens. In light of the sequence diversity between the bacterial and eukaryotic enzymes, previous structural and mechanistic studies of PGM (e.g., from rabbit) may not be sufficient for understanding these distantly related bacterial homologs. The high-resolution crystal structure of S. typhimurium PGM presented here allows a detailed comparison of the bacterial and eukaryotic enzymes, and sheds light on key active site residues important for the entire enzyme family. This work lays a foundation for future studies of PGM enzymes from other organisms, including the design of site-directed mutants, substrate specificity studies, and mechanistic characterization.
